Abstract By means of the Monte Carlo simulation, a fractal growth model is introduced to describe diffusion-limited aggregation (DLA) under rotation. Patterns which are different from the classical DLA model are observed and the fractal dimension of such clusters is calculated. It is found that the pattern of the clusters and their fractal dimension depend strongly on the rotation velocity of the diffusing particle. Our results indicate the transition from fractal to non-fractal behavior of growing cluster with increasing rotation velocity, i.e. for small enough angular velocity ω the fractal dimension decreases with increasing ω, but then, with increasing rotation velocity, the fractal dimension increases and the cluster becomes compact and tends to non-fractal.
Since its introduction in 1981, a model of natural fractal growth processes, the diffusion-limited aggregation (DLA) model of Witten and Sander, [1] has provided a fundamental way to investigate complicated phenomena such as the effect of uniform drift and surface diffusion in electrodeposition, [2, 3] surface thermodynamics, crystal morphology, [4] and the growth mechanism in thin-film systems. [5−7] During last two decades several extensions of the DLA model have been proposed to take into account electrochemical deposition, [8] concentration, [9] particle drift, [10] surface tension, [11] sticking probability, [12] and heterogeneous surface. [13] The fractal properties of growing DLA-clusters have been widely discussed in the scientific literature. [14−17] However, a very interesting extension of the problem of DLA-fractals which are growing with rotation has not been investigated in detail. Mogi et al. applied a high magnetic field for the dendritic growth of silver, lead, and zinc in solutions and obtained new specific patterns of metal leaves. [18−20] Under a high magnetic field, the branches bend slightly and the shape of the envelope becomes circular. In this paper, we have performed direct computer simulation of DLA under rotation. Pattern formations under rotation are different from the classical DLA model and they are successfully compared with preexisting experiments under a high magnetic field. [20] Our simulation results also reveal the transition from fractal to non-fractal behavior of growing cluster upon increasing the rotation velocity. We consider the DLA-fractal growth in two-dimensional space on the squared lattice. The size of the lattice is set to be 400 × 400 sites and a seed particle is set in the center of the lattice. A diffusing particle starts at the randomly chosen point on the circle of radius R centered at the center of the lattice where the seed particle is placed. Here, R is the maximal distance from the seed particle to the occupied site, which will increase continually from 1 to the maximal radius during the simulation. The particle diffuses freely inside the circle until it visits the lattice site which is one of the nearest neighbors to one of the occupied sites and sticks to the occupied site permanently. In this moment a new diffusing particle begins its random walk. A snapshot of a usual DLA-cluster is presented in Fig. 1 . The fractal dimension of the cluster is D = 1.751, which is calculated by box-counting method ("sliding windows"). There are 15 000 particles totally in the cluster (M = 15 000).
To simulate the growth of the DLA cluster under rotation, we have added a constant angular velocity to the diffusion motion of a particle. This means that the particle diffuses with both random walk and rotation along the seed site. The clusters grow until the radius reaches 180 units. A typical cluster growing under rotation is shown in Fig. 2 , where the angular velocity is set to ω = 0.0015. It is obvious that the branches bend slightly and the pattern is similar closely to the experimental morphology. [20] The fractal dimension of this cluster de- ω. As the angular velocity becomes higher, the overall shape of the cluster becomes a less ramified structure and changes into a compact structure. The fractal dimensions of these clusters are D=1.713, 1.683, 1.675, and 1.784, respectively. The numbers of particles contained in each clusters are described in each notation. The fractal dimension for various rotation clusters are calculated so as to reveal the relationship between the fractal dimension and the rotation velocity. Figure 7 shows the dependence of the fractal dimension on the rotation velocity, where ω is ranged from 0 to 0.25. It is obvious that the fractal dimension depends strongly on the rotation velocity. The transition from fractal to non-fractal behavior of growing cluster with increasing rotation velocity is found. For small enough angular velocities ω (0 ∼ 0.05), the fractal dimension decreases with increasing ω. It can be seen from Figs. 1 ∼ 5 that with increasing ω, the ramified branches of the clusters become less and less, so the fractal dimensions of such clusters decrease. But then, with increasing rotation velocity (ω = 0.05 ∼ 0.25), the cluster becomes dense and tends to compact, as seen in Fig. 6 , and the fractal dimension increases and tends to the unity (D = 2.0 when ω > 0.22), as seen in Fig. 7 . There are no fractal properties in such clusters any longer.
In order to get insight into the growth process of the clusters under rotation, the fractal dimension of growing cluster at different radius is also calculated. Figure 8 illustrates the dependence of the fractal dimension on the radius for different rotating velocity. In the case of ω = 0 (the usual DLA), the fractal dimension is independent of the growth radius and the cluster is practically isotropic.
In the classic DLA model, clusters are formed as randomly diffusing particles sticking irreversibly to the perimeter of a growing aggregates and the fractal dimension keeps constant with the increasing number of particles. However, under rotation condition, the fractal dimension of the clusters depends on the growth radius obviously. For lower rotation velocities, the clusters perform fractal structures, the ramified branches of the outer part of the cluster are less than that of the inner part. So the dimension decreases with increasing radius. For higher rotation velocities, the clusters become dense structure and tend to compact. The fractal dimension increases with increasing radius for not very large radius, as seen in the top curve in Fig. 8 . In the case of ω = 0.2 and R > 160, the fractal dimension drops sharply. This can be explained only as a finite size effect, i.e. the size of the window (box-counting method) is larger than the size of the cluster. The maximal radius of the cluster under this circumstance is only 160 units. The space between R = 160 and R = 180 is empty. The empty space inside the window gives rise to decreasing the fractal dimension. So the fractal dimension when R = 180 measured by box-counting method is smaller than that when R = 160. In the case when R < 80, the cluster is too small to calculate their dimension accurately. In summary, a fractal growth model is presented to simulate the processes of two-dimensional DLA-cluster under rotation. Morphologies of aggregation under rotation are different from the usual DLA-clusters but are agreement well with the experiments under high magnetic fields. The dependence of the fractal dimension on rotating velocity and growth radius is carried out. We have found the clear evidence of a transition between fractal and non-fractal regimes. The DLA-cluster under rotation shows different fractal dimensions when analyzed on different length scales. The advantage of this simulation is the possibility of investigating the effects of Lorentz forces of diffusing particles during the crystals growth under a high magnetic field. [18−20] Furthermore, the gradient of concentration of particles, the near neighbor condition, the structure of the growth substrate, and the sticking probability will play important roles in the pattern formations and their fractal dimension in rotation cases. Further study will be done.
